Abstract. The new cerium polyborate Ce 2 B 8 O 15 was synthesized under high-pressure/high-temperature conditions of 6 GPa and 1050 C in a Walker-type multianvil apparatus. The single-crystal structure determination revealed that the new compound crystallizes in the space group P2/c with the lattice parameters a ¼ 916. 
Introduction
In the ternary system Ce--B--O, nine different oxoborates with four different constitutions are known up to now. These are the orthoborates p-CeBO 3 , l-CeBO 3 , n-CeBO 3 , and H-CeBO 3 [1] [2] [3] [4] [5] , the metaborates a-Ce(BO 2 ) 3 [1, 6] , g-Ce(BO 2 ) 3 [7, 8] , and d-Ce(BO 2 ) 3 [9] , as well as the polyborates Ce 4 B 14 O 27 [10] and b-CeB 5 O 9 [11] . The orthoborates were synthesized utilizing standard methods of solid state syntheses, e.g. high-temperature reactions or hydrothermal synthesis, mostly under normal atmospheric pressure. Their crystal structures are built up exclusively from triangular BO 3 groups except for p-CeBO 3 , which exhibits only BO 4 tetrahedra and was synthesized at elevated pressure of 2 GPa. Due to the fact that p-ErBO 3 crystallizes in the monoclinic pseudowollastonite-type structure, space group C2/c, exhibiting isolated three-membered rings of corner-sharing BO 4 tetrahedra, which are stacked in a shifted arrangement [12] , we presume that pCeBO 3 exhibits the same isotypic structure. Crystals of the metaborate a-Ce(BO 2 ) 3 were synthesized by Goriounova et al. in a covered platinum crucible at 1100 C by slow cooling to 900 C. It crystallizes in the monoclinic space group I2/a being a member of the isostructural series a-RE(BO 2 ) 3 (RE ¼ La--Nd, Sm--Tb) exhibiting corner-sharing BO 3 and BO 4 groups. The metaborates g-Ce(BO 2 ) 3 and d-Ce(BO 2 ) 3 could firstly be synthesized in our group under high-pressure/high-temperature conditions, namely 7.5 GPa/1000 C for g-Ce(BO 2 ) 3 and 3.5 GPa/1050 C for d-Ce(BO 2 ) 3 . In contrast to the a-metaborate, the crystal structures of g-Ce(BO 2 ) 3 and d-Ce(BO 2 ) 3 are exclusively built up from BO 4 tetrahedra, according to the pressurecoordination rule [13] . Recently, Hinteregger et al. discovered Ce 4 B 14 O 27 , which was synthesized under high-pressure/high-temperature conditions of 2.6 GPa and 750 C starting from the oxides and CeF 3 as a flux [10] . The structure consists of BO 3 groups as well as BO 4 tetrahedra, connected via common corners forming a three-dimensional framework containing three-, four-, and ninemembered borate rings. With b-REB 5 
The reaction mixture was thoroughly ground together under inert gas atmosphere. For the synthesis in a Walkertype multianvil apparatus, it was filled into a crucible of hexagonal boron nitride (Henze Boron Nitride Products GmbH, HeBoSint 1 P100, Kempten/Germany). This crucible was placed into the center of an 18/11-assembly, which was compressed by eight tungsten carbide cubes (Hawedia, ha-7%Co, Marklkofen/Germany). Electrical resistance heating of the sample was accomplished by the use of two graphite husks in the assembly. Pressure was applied by a multianvil apparatus and a 1000 ton press (Voggenreiter, Mainleus/Germany). A detailed description of the utilized method of multianvil high-pressure/hightemperature synthesis can be found in Refs. [14] [15] [16] [17] [18] .
The sample was compressed to 6 GPa in 160 minutes, heated up to 1050 C in ten minutes, kept there for another 20 minutes, and then slowly cooled down to 500 C within 90 minutes. By switching off the heating, the sample was immediately cooled down from 500 C to room temperature. After the decompression of the assembly within eight hours, the product could be recovered by breaking apart the surrounding pressure medium and crucible. Nearly phase pure air-and water-resistant colorless crystals of Ce 2 B 8 O 15 were obtained and used for characterization via X-ray diffraction and vibrational spectroscopy.
Crystal structure analysis
The powder pattern of Ce 2 B 8 O 15 was recorded from a flat sample in transmission geometry with a Stoe Stadi P powder diffractometer. Monochromatized MoK a1 radiation (Ge(111) monochromator, l ¼ 70.93 pm) was produced by an X-ray tube with a power of 3 kW and an operating voltage of 60 kV. Figure 1 shows (1) , and a volume of 0.4311(2) nm 3 were obtained, validating the lattice parameters received from the singlecrystal X-ray diffraction data.
For the crystal structure analysis, small single crystals of the product were mechanically separated and measured at room temperature, using a Nonius Kappa CCD diffractometer (Bruker AXS/Nonius, Karlsruhe) equipped with a Miracol fiber optics collimator and a Nonius . A multi-scan absorption correction was applied to the data using the program Scalepack [19] . According to the systematic extinctions h0l with h þ l ¼ 2n, h00 with h ¼ 2n and 00l with l ¼ 2n, the monoclinic spacegroups P2/n (No. 13) and Pn (No. 7) were derived. The structure solution and refinement in the centrosymmetric group P2/n (No. 13) succeeded. In the last step, a transformation into the space group P2/c (No. 13) was performed. The parameter refinements (fullmatrix least-squares against F 2 ) were successfully performed by using the HELXS/L-97 software suite [20, 21] . All atoms could be refined with anisotropic atomic displacement parameters. Final difference Fourier syntheses did not reveal any significant residual peaks. All relevant details of the data collections 1 and evaluations are given in Table 1 . The atomic coordinates and isotropic equivalent displacement parameters, the anisotropic equivalent displacement parameters, interatomic distances, and interatomic angles are listed in the Tables 2-5.
IR spectroscopy
The ATR-FT-IR (Attenuated Total Reflection) spectra of single crystals of Ce 2 B 8 O 15 were measured in the spectral range of 600-4000 cm À1 with a Bruker Vertex 70 FT-IR spectrometer (spectral resolution 4 cm À1 ) equipped with a MCT (Mercury Cadmium Telluride) detector and attached to a Hyperion 3000 microscope. A Globar (silicon carbide) rod was used as the mid-infrared source. A frustumshaped germanium ATR crystal with a tip diameter of 100 mm was pressed on the surface of the borate crystal to crush it into small pieces of mm-size. 32 scans of the sample were acquired. A correction for atmospheric influences using the Opus 6.5 software was performed.
A comparison of the single-crystal ATR-FT-IR spectrum with one measured from a powdered sample of Ce 2 B 8 O 15 showed no significant difference in the positions and strengths of the absorption bands.
Raman spectroscopy
The single-crystal Raman spectra of Ce 2 B 8 O 15 were measured in the spectral range of 100-4000 cm À1 with a Raman micro-spectrometer LabRAM HR-800 (HORIBA JOBIN
À1 . The measurement time per step was 250 s. A background correction was applied.
Results and discussion

Crystal structure
The crystal structure of Ce 2 B 8 O 15 consists of corner-sharing BO 4 tetrahedra and cerium cations (Fig. 2) . Each BO 4 tetrahedron shares at least one corner to another BO 4 group building up a complex three-dimensional anionic borate framework exhibiting three-, four-, and ten-membered rings. The latter contain the Ce 3þ cations in channels along the b axis (Fig. 3) . The unit cell contains four three-membered and three four-membered rings. The tenmembered rings range over more than one unit cell, extending over two layers along the crystallographic b axis.
The smallest structural unit consists of four BO 4 tetrahedra and represents to the best of our knowledge a new fundamental building block in borate chemistry. After the recommended nomenclature of Burns et al. [22] , it can be written as 4&: [F] h3&i j&j. Three BO 4 groups are thereby connected via common corners to form a threemembered ring. The fourth BO 4 tetrahedron is connected to this ring via the threefold bridging oxygen atom O3. Figure 4 shows the fundamental building block of Ce 2 B 8 O 15 . O3 and O6 are both threefold bridging oxygen 1 Further details of the crystal structure investigation may be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-informationsdienste.de/en/DB/ icsd/depot_anforderung.html) on quoting the deposition number CSD-425983. atoms, while O2, O4, O5, O7, and O8 show covalent bonds to two boron atoms each. Only the oxygen atom O1 is terminal being in the coordination sphere of boron atom B1. Therefore, it is coordinated to three Ce 3þ cations, while the other oxygen atoms form coordinative bonds to only two (O2, O4, O5, O8), one (O7), or even no (O3, O6) cerium cation.
The average bond length between boron and oxygen within the four crystallographically distinguishable BO 4 tetrahedra is between 147.0 and 148.0 pm, being consistent with the typical average B-O distances of BO 4 tetrahedra in oxoborates of 147.6 pm [23, 24] . However, the individual B-O bond lengths partially differ significantly from the average values. Especially the distances between the threefold coordinated oxygen atoms O3/O6 and boron are considerably larger with values from 150.6(4) to 156.0(4) pm. In contrast, the smallest B-O distance measures only 140.9(4) pm (B3-O7). The varying B-O bond lengths result in moderately distorted BO 4 tetrahedra in the crystal structure of Ce 2 B 8 O 15 . The elongated bond length of threefold coordinated oxygen to boron atoms have already been observed in few minerals, synthetic oxoborates, but especially in high-pressure phases like b-MB 4 O 7 (M ¼ Mn, Fe, Co, Ni, Cu, Zn) [25] [26] [27] , the metaborates b-, g-, and d-RE(BO 2 ) 3 [7] [8] [9] [28] [29] [30] , and the high pressure modification of B 2 O 3 [31] . The corresponding average B-O distances in these compounds range around 153 pm [32] .
The average bond angles within each BO 4 group have values of 109.4 and 109. 5 . Hence, they are as close as it gets to the ideal tetrahedral angle of 109.47 . The one and only crystallographically distinguishable cerium cation shows an irregularly shaped coordination sphere with a coordination number of eleven as depicted in Compared to the crystal structure of the metaborate dCe(BO 2 ) 3 [9] , the new cerium polyborate shows some interesting similarities. d-Ce(BO 2 ) 3 crystallizes monoclini- cally in the space group P2 1 /c. Both structures are built up exclusively from BO 4 tetrahedra and Ce 3þ cations. Similarly to Ce 2 B 8 O 15 , the BO 4 groups in the d-metaborate are connected via common corners, forming a complex threedimensional network that contains three-, four-, and tenmembered rings. Contrary to Ce 2 B 8 O 15 , the structure of the metaborate also exhibits six-membered rings and the main building block of d-Ce(BO 2 ) 3 consists of only three BO 4 tetrahedra, connected via a threefold coordinated oxygen atom. The Ce 3þ cations in d-Ce(BO 2 ) 3 are located inside the channels formed by the ten-membered rings, just like they are in Ce 2 B 8 O 15 . Another similarity regards the oxygen atoms, which in both compounds can be classified into three groups: oxygen atoms bonded to three boron atoms, bridging, and terminal oxygen atoms with strong coordinative bonds to the rare-earth cation. In contrast to Ce 2 B 8 O 15 , the cerium cations in d-Ce(BO 2 ) 3 are coordinated by 12 oxygen atoms in an irregular 10 þ 2 coordination sphere. Figure 6 shows the crystal structure of dCe(BO 2 ) 3 and illustrates the diverse connectivity of the BO 4 tetrahedra in contrast to Ce 2 B 8 O 15 (Fig. 3) . Due to the fact that the crystal structure of d-Ce(BO 2 ) 3 is isotypic to g-BiB 3 O 6 [33] , the latter shows the same similarities and differences to the new Ce 2 B 8 O 15 as mentioned before.
Calculations of the bond valence sums for all atoms in Ce 2 B 8 O 15 according to the BLBS (bond length/bond strength, SV) [34] [35] [36] [37] [38] and the CHARDI (charge distribution in solids) concept (SQ) [39] were performed and verified the formal valence states in the cerium polyborate. Table 6 shows the formal ionic charges received from the calculations, which correspond to the expected values.
Furthermore, we calculated the MAPLE values (Madelung Part of Lattice Energy) according to Hoppe [40] [41] [42] Figure 7 shows the IR spectrum of Ce 2 B 8 O 15 in the range of 600-1600 cm À1 . The absorptions of the single crystal measurement correspond to the absorptions measured on a bulk sample with a Bruker ALPHA-P "Platinum-ATR" FT-IR spectrometer.
Vibrational spectroscopy
Similar to the previously discovered d-Ce(BO 2 ) 3 , the IR spectrum of Ce 2 B 8 O 15 shows some strong absorption bands in the range from 600 to 1500 cm
À1
. Bands around 700 cm À1 can be assigned to bending vibrations of the complex framework of corner-sharing BO 4 groups. The absorption peaks between 800 and 1150 cm À1 are those typical for stretching vibrations of tetrahedrally coordinated boron atoms. Bands in the range of 1200-1500 cm À1 usually arise from stretching vibrations of trigonal borate groups as in l-REBO 3 [44] and H-REBO 3 [3] . Since the structure of [45] . A detailed assignment of the various broad bands in the IR spectrum of Ce 2 B 8 O 15 is quite difficult because of the complex network containing four crystallographically independent BO 4 groups. Above 1500 cm À1 no further absorption bands could be detected, leading to the assumption that Ce 2 B 8 O 15 does not contain any hydroxyl groups.
The Raman spectrum of a Ce 2 B 8 O 15 single crystal in a spectral range of 100-1600 cm À1 is displayed in Fig. 8 . It shows several sharp bands up to 1500 cm À1 . The strongest absorption bands in the range from 100 to 600 cm À1 can be assigned to cation-oxygen and complex lattice vibrations, as well as bending and pulse vibrations of the tetra- 
Thermal behavior
To investigate the metastable character of Ce 2 B 8 O 15 , we performed temperature-programmed X-ray powder diffraction measurements on a Stoe Stadi P powder diffractometer (MoK a1 radiation, Ge(111) monochromator, l ¼ 70.93 pm) with a computer-controlled Stoe furnance. The sample was enclosed in a silica capillary and heated from room temperature (r.t.) to 400 C in steps of 100 C and from 400 to 1100 C in steps of 50 C. Afterwards, it was cooled down to 400 C in steps of 50 C again and further on to r.t. in steps of 100 C. At each temperature, a diffraction pattern was recorded in the angular range of 2 2q 77
. Figure 9 shows the temperature dependent powder patterns of the investigated sample heated up from r.t. to 1100 C in the angular range up to 40 (2q). Ce 2 B 8 O 15 showed to be stable up to a temperature of 750 C. At 800 C, the powder pattern showed a transformation of Ce 2 B 8 O 15 into the monoclinic normal-pressure metaborate a-Ce(BO 2 ) 3 , which remained stable up to the temperature maximum of 1100 C and for the whole process of cooling down to room temperature. Additionally, reflections of CeO 2 appeared in the powder patterns above 800 C, which were the result of a partial decomposition and oxidation of the constituing compounds into CeO 2 and B 2 O 3 . Thus, Ce 2 B 8 O 15 showed about the same stability as the meta-oxoborates g-Ce(BO 2 ) 3 and d-Ce(BO 2 ) 3 , which also transformed into a-Ce(BO 2 ) 3 and partially decomposed into CeO 2 and B 2 O 3 at temperatures of 850-900 C.
Conclusion
In this article, we described the high-pressure synthesis and the crystal structure of the new cerium polyborate Ce 2 B 8 O 15 . It crystallizes in a new crystal structure type built up exclusively from corner-sharing BO 4 tetrahedra that form a complex anionic framework with three-, four-, and ten-membered rings. The latter contain the Ce 3þ cations in channels along the b axis. The new fundamental building block consists of four BO 4 
